ABSTRACT: The fusion of influenza virus (A/PR/8/34 strain) with PC-12 cells was monitored by a fluorescence assay, and the results were analyzed with a mass-action model which could explain and predict the kinetics of fusion. The model accounted explicitly for the reduction in the fusion rate constant upon exposure of the virus to low pH, either for the virus alone in suspension or for the virus bound to the cells. When the pH was lowered without previous viral attachment to cells, an optimal fusion activity was detected at pH 5.2. When the virus was prebound to the cells, however, reduction of pH below 5.2 resulted in enhanced fusion activity at the initial stages. These results were explained by the fact that the rate constants of both fusion and inactivation increased severalfold at pH 4.5 or 4, compared to those at pH 5.2. At pH 5.2, lowering the temperature from 37 to 20 or 4 "C resulted in a decrease in the fusion rate constant by more than 30-or 1000-fold, respectively. Inactivation of the virus when preincubated in the absence of target membranes at pH 5 was found to be rapid and extensive at 37 OC, but was also detected at 0 OC. Our results indicate a strong correlation between fusion and inactivation rate constants, suggesting that the rate-limiting step in viral hemagglutinin (HA)-mediated fusion, that is, rearrangement of viral glycoproteins at the contact points with the target membrane, is similar to that involved in fusion inactivation.
in the interpretation of these conformational changes is that the latter have been based primarily on the behavior of the water-soluble ectodomain of HA obtained by bromelain treatment of viral HA (Doms et al., 1985; Ruigrok et al., 1986; Whartonet al., 1986; White & Wilson, 1987) . However, the association between HA trimers in the viral membrane may contribute to fusion (Morris et al., 1989; Sarkar et al., 1989; Ellens et al., 1990) and to the inactivation of the fusion activity (Junankar & Cherry, 1986) . Inactivation is caused by exposure of the virus to low pH in the absence of target membranes with which the virus can fuse (Sato et al., 1983; , and is thought to be due to clustering of the conformationally altered HA trimers (Junankar & Cherry, 1986) . By studying the very slow fusion of influenza virus with liposomes and erythrocyte ghosts in the cold, Stegmann et al. (1990) have proposed that fusion can occur without unfolding of the trimers and that the unfolding may lead to inactivation in the fusion capacity of the virus. This proposal was based on their observation that the virus was not inactivated by low-pH treatment in the cold.
Using a mass-action kinetic analysis of virus-cell fusion, we have quantitated the low-pH inactivation of influenza virus (A/PR/8/34 strain) 1990; Diizgiines et al., 1992) and found that even the virions bound to the cell surface can undergo some inactivation. We have also observed that the virus preincubated at low pH and 37 OC is only partially inactivated in its ability to fuse with HL-60 and CEM cells (Duzgunes et al., 1992) . Our observations reported here indicate, however, that appreciable and fast inactivation of fusion capacity is indeed observed with other cultured cells, such as PC-12 cells, as target membranes. We have analyzed the fusion and inactivation processes as a function of pH and temperature and have found correlations between the fusion and inactivation rate contants. Guided by this analysis, we have designed experiments which demonstrated that low-pH inactivation does occur in the cold, in contrast to the observations of Stegmann et al. (1990) . Our results suggest the hypothesis that the rate-limiting step in the fusion of influenza virus (prebound to cells before the induction of fusion) depends on the same process that leads to inactivation.
EXPERIMENTAL PROCEDURES

Virus.
Influenza virus, A/PR/8/34 (HlN1) strain, was grown for 48 h at 37 OC in the allantoic cavity of 11-day-old embryonated eggs, purified by discontinuous sucrose density gradient centrifugation, and stored at -70 OC in phosphatebuffered saline.
Cells. PC-12 cells were obtained from the American Type Culture Collection (ATCC), Rockville, MD. The cells were grown in RPMI 1640 medium containing 25 mM Hepes buffer, supplemented with 10% fetal bovine serum and 5% heatinactivated horse serum. The cells were grown in T-75 flasks up to a cell density of (1-1.5) X 106/mL under a 5% C02 atmosphere in a Forma Scientific incubator. The cells were harvested by centrifugation at 18Og for 8 min at room temperature, washed twice in phenol red-free RPMI 1640 supplemented with 25 mM Hepes buffer, and resuspended in a saline buffer containing 130 mM NaCl, 5 mM KC1,2 mM CaC12,l mM MgC12,lO mM glucose, and 15 mM Hepes, pH 7.4.
The cells, which form clusters, were dispersed by several passages through a 22-gauge syringe and then counted in a hemocytometer. Cellviability was determined by trypan blue exclusion and was routinely above 90%. This viability remained constant throught the experiments. The cells were then transferred to quartz fluorometer cuvettes in the desired final density. Cell-cell aggregation was avoided by continuous stirring.
The median PC-12 cell diameter averaged 14 pm, as described before (Lima et al., 1992) .
Virus Labeling. The virus was labeled with octadecylrhodamine B chloride (R18, Molecular Probes Inc., Eugene, OR) as described previously (Hoekstra et al., 1984) . A 4.8-pL aliquot of a 3.12 pmol/mL ethanolic fluorophore solution was injected under vortex mixing into a viral suspension containing 2 mg of viral protein/mL. The final concentration of added probe corresponds to approximately 4 mol % of total viral lipid, and that of ethanol was less than 1% (v/v). The mixture was incubated in the dark for 0.5-1 h at room temperature. R18-labeled virus was separated from noninserted fluorophore by chromatography on Sephadex G-75 (Pharmacia, Uppsala, Sweden) using 150 mM NaCI/ 10 mM Tes, pH 7.4, as elution buffer. The protein concentration of the labeled virus was determined by the Lowry assay.
Fusion of R18-Labeled Influenza Virus with PC-12 Cells. Fusion, monitored continuously with the fluorescence assay as described elsewhere (Hoekstra et al., 1984 (Hoekstra et al., , 1985 , was initiated by rapid injection of R18-labeled virus into a cuvette containing the cell suspension ( 5 X lo6 cells). Adjustments in the experimental pH were carried out as described under Results. The final incubation volume was always 2 mL. The fluorescence scale was calibrated such that the initial fluorescence of R18-labeled virus and cell suspension was set at 0% fluorescence. The value obtained by lysing the virus and cellular membranes after each experiment with C12Eg (Calbiochem, San Diego, CA), at a final concentration of 3.15 mM, was set at 100% fluorescence.
Fluorescence measurements were performed in a PerkinElmer LS-50 luminescence spectrometer with excitation at 560 nm and emission at 590 nm, using 5-and 20-nm slits, respectively, in the excitation and emission monochromators.
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The sample chamber was equipped with a magnetic stirring device, and the temperature was controlled with a thermostated circulating water bath.
Cell Association. Fluorescently labeled influenza virus (1 pg of viral protein/mL) was incubated with PC-12 cells ( 5 X lo6 cells) in a final volume of 2 mL of saline buffer (see above) with continuous stirring. Incubations were carried out at 37 OC and different pH values (see Results). Mixtures were then transferred to polypropylenes tubes and centrifuged at 37 OC for 8 min at 18Og. Fluorescence was measured in the pellet and the supernatant after the addition of (3.15 mM) to determine the fraction of cell-associated virus and free virus, respectively.
Enzymatic Treatment. For proteinase K treatment, 2 pg of viral protein was incubated for 30 min at 37 OC and pH 5.0 at a final enzyme concentration of 0.05 mg/mL. Following this incubation, thevirus was added to the fluorometer cuvette containing 5 X 106 cells at 37 OC. In the fusion experiments, the proteinase K concentration was reduced 20-fold.
Other Procedures. PC-12 cells (5 X lo6 cells) were incubated with 1% (w/v) sodium azide for 30 min at 37 OC (in a total volume of 1.9 mL) with continuous stirring. This procedure has been described to reduce cell endocytic activity (Blumenthalet al., 1987) . IncubationofPC-12cells(5 X 106 cells) with either 30 to 100 mM NH4Cl or with 6-12 pM monensin (1 5 min, 37 OC, totalvolume 1.9 mL, and continuous stirring) was carried out to increase the pH in intracellular acidic compartments (Mellman et al., 1986; Stegmann et al., 1987b) . Following the incubations, labeled influenza virus (2 pg of viral protein) was added to the cells, and fusion was monitored (pH 7.4, 37 "C) as described above.
Analysis of Fusion Kinetics. We have explicitly taken into account that the fusion activity of influenza virus exposed to low pH is reduced with time of exposure. According to , the expression for the fusion rate constant, f (SKI), that accounts for inactivation is given by (1) in which y = yl + 7 2 . In eq 1 y1 and y2 represent forward and reverse rate constants of inactivation, respectively. Equation 1 indicates that a residual fusion activity is retained even after a long period of inactivation:
(2) ( i ) Prebinding Experiments. Here the virus is first prebound to the cells at neutral pH for several minutes, and B, the fraction of virus bound, is measured. Fusion is initiated by lowering the pH. If B is assumed to remain constant during the fusion period, then the fraction of virus fused is given by
This equation includes three parameters: forf(O), 71, and 7 2 . However, the effect of 7 2 is noticed only at later times, since y2 << 7 1 . Furthermore, during the first few seconds, the effect of inactivation is ordinarily small, which means that F(t) in eq 3 can be approximated by (4)
from which f can be determined. Hence, the parameters f, yl, and y2 can be sequentially determined and then refined by considering the overall fit.
We introduced a small correction by also measuring B after several minutes (usually 10 min) of fusion, and assuming the increase of B during the fusion period was linear. Typically, (ii) No Prebinding. In these experiments, thevirus is added to the cells at the given pH. The kinetic analysis employs the following parameters: C ( M -I d ) , the rate constant of viral adhesion to the cells; f (s-I), the rate constant of the actual fusion of an adhered virus particle; D (s-l), the dissociation rate constant (Nir et al., 1986b) . The analysis also considers the reduction of the rate constant of fusion with time, according to eq 1 . Initially, dissociation, as well as inactivation, plays a minor role, which enables determination of C and$ Since this procedure employs five parameters, it is difficult to fit the data ab initio. Thus, the main purpose of the analysis of these experiments was to test the ability of the model to simulate the kinetics with parameters consistent with those found from prebinding experiments.
RESULTS
Dependence of Viral Fusion Activity on Viral Prebinding to Cells. Two different experimental approaches were used to determine the effect of pH on influenza virus fusion activity toward PC-12 cells at 37 OC. When influenza virus was added directly to a cell suspension already adjusted to the desired pH, the fusion activity (as monitored by R18 dequenching) was optimal at pH 5.2 (Figure l ), virus-cell fusion being lower at pH values below 5.2. A short lag phase, prior to measurable dequenching, was detected in all the experiments. This delay could be attributed to either virus-cell binding and/or conformational changes required to activate the virions at low pH (see below). When parallel experiments were carried out with virus already bound to the cells at neutral pH, the results were markedly different ( Figure 2) . Here, the initial TIME (MIN) FIGURE 2: pH effect on influenza virus fusion activity toward PC-12 cells in the presence of viral prebinding. Influenza virus (1 pg/mL viral protein) was added to 5 X lo6 PC-12 cells in a final volume of 2 mL at 37 OC and pH 7.4. After 5 min, the pH was lowered to 5.8 (a), 5.2 (b), and 4.5 (c), and R18 dequenching was monitored for 5 min. When the pH was adjusted to 4.0, the dequenching was only slightly quicker and more extensive than the one obtained at pH 4.5 (not shown, see Table I ). The values calculated with the parameters shown in Table I1 are also presented for pH 5.8 (m), 5.2 (e), and
(A).
rate and extent of fusion were higher than in experiments without prebinding. Although the existence of prebinding could account for the increased initial kinetics and extent of fusion observed for all pH values, it was interesting to note that, in this case, acidification below pH 5.2 did not result in any decrease in fusion activity. In fact, at pH 4.5, the extent of dequenching after 1 min was significantly larger than at pH 5.2, whereas after 5 min the extents were similar. These results may be explained by the kinetic analysis, which invokes an increase in the fusion (f, and inactivation (7) rate constants with decreasing pH (see Tables I and 11 ). These results also suggest that the lag phase observed without prebinding is mostly due to the time it takes for the virus to bind to the cells, since it could not be detected when prebinding took place.
It should be noted that upon incubation of the virus with the cells at pH 7.4 only a slight amount of R18 dequenching was observed (not shown, see Table 111 ). In fact, very little dequenching was observed at pH values from 6.4 up to 9.0, either with or withour viral-cell binding (not shown).
Temperature Dependence of Viral Fusion Activity. In experiments carried out in the absence of prebinding, viral fusion activity was very low at temperatures below 20 OC, probably due to a lack of mobility in the viral glycoproteins (Junankar & Cherry, 1986; Brunner et al., 1991) . Adecrease in temperature also involved an increase in the lag time observed. Above 20 OC, the fusion activity increased steadily as the temperature approached 37 OC (not shown). At 20 OC, even with viral-cell prebinding, a short but distinct lag was detected before the onset of fusion ( Figure 6 , curve a).
However, at 4 OC, the lag time was of 5 min (see Table 11 ).
This lag is most likely due to a delay in viral glycoprotein conformational changes and rearrangements which are very rapid at 37 OC (no lag being detected at this temperature, see above) but are much slower at lower temperatures (Junankar & Cherry, 1986; Stegmann et al., 1990) . Viral Inactivation. We have quantitated the inactivation of influenza virus at low pH by incubating the virus at pH 5 in the absence of the target membrane for different times and at various temperatures. The fusion activity of the low-pHpretreated virus was then determined at pH 5.2 and 37 OC, either with ( 
TIME (MIN)
FIGURE 4: Inactivation of influenza virus assessed in the presence of viral prebinding. The virus was incubated at pH 5 in the absence of the target membrane for various times and at different temperatures. The fusion activity of the preincubated virions was monitored by adding 1 pg/mL viral protein 5 X lo6 PC-12 cells (final volume 2 mL) at pH 7.4 and 37 OC. After 5 min, the pH was lowered to 5.2 and R18 dequenching was followed for 5 min. out at 20 OC. For example, after 1 min of preincubation, the virus had exactly the same fusion activity as in control experiments (not shown), in sharp contrast with the results obtained in parallel experiments carried out at 37 OC. To obtain an inactivation at 20 OC similar to that observed at 37 OC, it was necessary to preincubate the virus at pH 5.0 for 5 min. Viral preincubation at pH 7.4 in the absence of the target membrane at 37 OC for 15 min had no visible effect on fusion activity (not shown). p H Requirements duringthe Fusion Process. To investigate the pH requirements throughout the fusion process, we carried out a series of experiments in which, following the onset of fusion at pH 5.2, the pH of the virus-cell mixture was temporarily raised to 7.4 and then lowered back to 5.2 ( Figures  5 and 6) . These experiments were performed at 20 and 37 OC, both in the presence and in the absence of virus-cell prebinding.
In all cases, R18 dequenching was immediately arrested when the pH was raised to 7.4, which points to the need for continuous acidic conditions during the fusion process. It should be noted that the slow fluorescence dequenching observed upon neutralization was identical to the dequenching normally obtained at pH 7.4 (not shown). This dequenching apparently represents slow virus-cell fusion taking place at neutral pH (see below). Under all experimental conditions, reacidification to pH 5.2 resulted in the recovery of fusion activity. These results are in agreement with previous findings ).
An interesting result was obtained at 37 "C. When the experiments were carried out in the presence of virus-cell prebinding, the monitored extent of dequenching (following equal times of exposure to acid) was the same both in the neutralization/reacidification experiment and in the control ( Figure 5 , curves a and b) . In the absence of prebinding, however, the neutralization/reacidification experiment yielded lower extents of dequenching when compared to the respective control ( Figure 5 , curves c and d) . This observation implies that, in the absence of prebinding, a fraction of the viral population (most likely unbound virions) committed to the irreversible conformational change by acid exposure not only is unable to fuse following neutralization but actually is able to inactivate ( Figure 5 , curve d). Inspection of this curve immediately after reacidification indicates a large slope which could be due to fusion-active virions binding to the cell surface during the neutralization period. The fusion of these viral particles with target cell membranes would be triggered upon lowering the pH back to 5.2. With prebinding, this effect is obviously less extensive ( Figure 5 , compare curve b with curve d), since in this case the virus was allowed to bind to the cells (and fuse) before neutralization took place. The interpretations presented above were prompted by the observation that influenza virus loses most of its fusion ability when preincubated at low pH and 37 O C in the absence of target membranes. This inactivation process is greatly reduced at lower temperatures (Figures 3 and 4; see above) . Therefore, we carried out parallel neutralization/reacidification experiments in the absence and presence of viral prebinding at 20 OC (Figure 6 ). With prebinding, the neutralization/reacidification experiment yielded the same final extent as the control (Figure 6 , curves a and b); in the absence of prebinding, the neutralization/reacidification experiment showed a similar extent of dequenching as the control and a faster initial rate (unlike the results observed at 37 OC, Figure 6 , curves c and d). The results confirm the relative importance of virus-cell prebinding in protecting virions from inactivation and maintaining their fusion ability.
Fusion versus Molecular Transfer. In the application of the R18 assay to monitor fusion, it is generally assumed that dequenching, which is due to probe dilution, does not arise unless membrane mixing due to fusion has occurred. Despite demonstrations of the applicability of the assay in numerous cases (Hoekstra et al., 1984 (Hoekstra et al., , 1985 Hoekstra & Kok, 1989; Stegmann et al., 1990; Duzgiines et al., 1992; Lima et al., 1992) , it is important to reexamine the assumption in each new system. It is possible that probe transfer is a rare event unless the membranes are in close proximity. Consequently, experiments were designed to show whether fusion-independent probe transfer could occur from the viral envelope to the target cell plasma membrane when both membranes are in close contact. .4 experiments, R18-labeled influenza virus (2 pg of protein) was incubated at pH 5.0 and 37 "C for 30 min in the absence of target cell membranes, while for pH 5.2 experiments the sameviral preincubation took place in the presence of proteinase K. Following either treatment, the virus was added to 5 X lo6 PC-12 cells (final volume 2 mL), and the fluorescence increase was monitored as described at 37 "C, either at pH 7.4 for 15 min or at pH 5.2 for 5 min (preceded by 5-min viral-cell prebinding at neutral pH). In eachcase, the percentage ofcell association was determined under the same experimental conditions, by measuring the fluorescence in the supernatant (nonbound virions) and in the pellet (cells and bound virions) after addition of detergent as described. The values obtained in several experiments ranged from 9.8 to 12.9 (7% max), always with a detectable lag of about 2 min.
The results obtained are presented in Table 111 . To examine the fluorescence dequenching at pH 7.4, influenza virus was inactivated in the absence of the target membrane (pH 5.0, 37 OC, 30 min). Following this treatment, no dequenching could be observed when the virus was added to PC-12 cells at pH 7.4, although, under the same conditions, its binding ability was virtually intact. Fluorescence dequenching rates of about 10% max/h have been interpreted as being due to fusion of Rous sarcoma virus with cells at neutral pH (Gilbert et al., 1990) . This dequenching was inhibitable by inactivation of the virus by glutaraldehyde treatment, while in our experiments influenza virus was inactivated by pretreatment at low pH (Table 111) .
To determine if the slow increase in R18 fluorescence at neutral pH in the medium was due to fusion of the virus from within endosomes, cells were treated with agents known to prevent the acidification of the endosomal lumen, or inhibit endocytosis. Pretreatment of cells with the lysosomotropic agents NH&l or monensin (Mellman et al., 1986; Stegmann et al., 1987b) or the endocytosis inhibitor sodium azide (Blumenthal et al., 1987) did not affect fluorescence dequenching (not shown).
It therefore cannot be excluded that the R18 dequenching monitored for untreated virus at pH 7.4, with PC-12 cells, was due to slow virus-cell fusion at neutral pH. Such fusion activity of influenza virus at neutral pH has been reviewed by Haywood (1988) . We note that with erythrocyte ghosts Duzgiines et al., 1992) and several other suspension cells (Duzgiines et al., 1992) we found a 3-5-fold lower fluorescence increase at neutral pH. It might be stressed that fusion at neutral pH is quite slow and, therefore, the most effective route for viral entry will probably be extensive fusion with an internal acidic compartment following endocytosis. We should note, however, that systems in which the acid requirement for influenza virus activity is absolutely mandatory have also been described (Yoshimura & Ohnishi, 1984; Stegmann et al., 1987b; Ohnishi, 1988) .
Although we have shown that there is no probe transfer at pH 7.4 in the absence of fusion, it is still possible that probe transfer does occur under acidic conditions, due to an increase in membrane hydrophobicity. Therefore, besides being inactivated as above, the virus was also pretreated with proteinase K. As shown in Table 111 , this treatment completely The virus was bound to PC-12 cells for 10 min at pH 7.4, and the pH was lowered to the indicated value. The extent of fusion 60 min after the reduction of pH. Percent of added virus bound to cells after 10 min at pH 7.4. Percent of added virus bound and fused after 10 min at pH 7.4 and 60 min at the indicated pH. e The virus was "inactivated" for 1 h at 0 "C at the indicated pH. ,The virus was "inactivated" for 30 min at pH 5.2 and 10 "C.
abolished the dequenching at pH 5.2, while the virus still retained most of its binding ability. Under these experimental conditions, virus-cell contact was probably established via unspecific binding sites.
These results seem to indicate that, both at low and at neutral pH, little or none of the fluorescence dequenching observed is due to nonspecific transfer from labeled influenza virions to target PC-12 membrane, thus complementing earlier control experiments ruling out probe transfer in the absence of fusion (Hoekstra et al., 1984; Diizgiines et al., 1992; Lima et al., 1992) . However, the possibility that lipid mixing may not necessarily implicate the delivery of the influenza virus nucleocapsid to the cell cytoplasm may be raised. It is possible that the use of another independent fusion assay could help clarify this question.
Lack of Inactivation at 0 O C : Real or Apparent? The observation of slow fusion of influenza virus with liposomes and erythrocyte ghosts without low-pH inactivation has been one of the focal points in the proposal of a modified model of the mechanism of fusion of this virus (Stegmann et al., 1990) . The results of our analysis (Table 11 ) enabled us to design critical experiments to reexamine this question.
Inspection of Table I1 indicates at 37 and 20 OC, incubating the virus alone at pH 5.0 yields rate constants of inactivation that are similar to or somewhat larger than the values of the fusion rate constants at those temperatures. At 4 OC and pH 5.2, the fusion rate constant (see Table 11 ) is 2.7 X le5 s-l. If y, the inactivation rate constant (see eq l), is of the same magnitude as f or even 4-fold larger, then the term exp (-yt) in eq 1 will be close to unity for t = 30 min of incubation of the virus alone at pH 5.2; consequently, no viral inactivation would bedetected. This was, in fact, confirmed experimentally (not shown). It should be emphasized that, according to eq 1 and 3, inactivation does not require a very long lag phase, but it will be hard to notice its existence after 30 min of viral incubation at pH 5.2 and 4 "C, since its action is only exhibited by a reduction in its fusion rate constant. When the fraction of virus fused is small, it is hard to resolve whether fusion inactivation has occurred.
In order to examine whether inactivation of the virus at low pH does occur at 0 OC, we extended the time of incubation of the virus alone to 60 min and, in addition, looked at the results of fusion and inactivation at pH 4.0, where the values off and y are larger than at pH 5.0. The results are presented in Table IV . At pH 4.0 and 4 OC, the difference in fusion between the inactivated virus and the control is appreciable, but even at pH 5.2, the effect of inactivation is noticeable. At 10 OC and pH 5.2, it is sufficient to preincubate the virus alone for 30 min in order to observe a significant decrease in
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Biochemistry, Vol. 32, No. 11, 1993 2777 fusion activity is not merely a reflection of the conformational changes occurring in the H A glycoprotein, but also depends on the response of the components of the target membranes to pH changes, and the interaction of these components with the HA. The range found here at 37 OC and pH 5.2 for the fusion rate constant, 0.03-0.07 s-I, is somewhat higher than the average values determined for fusion with suspension cells Diizgiines et al., 1992) , but it is still within the range of values found previously (0.01-0.1 s-l). These values are severalfold smaller than the values found for liposomes of a variety of compositions, and an order of magnitude below the value found for cardiolipin liposomes (Nir et al., 1986a Stegmann et al., 1989) .
Our results of low-pH inactivation of influenza virus, strain A/PR/8/34, fusing with PC-12 cells are essentially similar to those found for this strain fusing with erythrocyte ghosts, and for other strains fusing with erythrocyte ghosts or liposomes Diizgiines et al., 1992; Stegmann et al., 1987a Stegmann et al., , 1989 . In contrast, the fusion activity of this strain toward HL-60 and CEM cells was only mildly reduced following 20 min of incubation of the virus alone at pH 5.0 and 37 OC (Diizgiines et al., 1992) . Hence, it is likely that different mechanisms operate in the fusion of this virus with the two types of cellular plasma membranes. It is also possible that the interaction of the viral glycoproteins with the plasma membrane ligands of HL-60 cels results in a reversal of viral inactivation. Viral inactivation has been proposed to be due to clustering of the envelope glycoproteins upon lowering the pH (Junankar & Cherry, 1986) . Thus, the reversal of viral inactivation may be brought about via partial dissociation of the preformed clusters by certain membrane ligands in HL-60, but not in PC-12 cells. On the other hand, our results demonstrate that the virions bound to the cell surface are also inactivated to some extent by low pH. The rate constant of inactivation at pH 5.0 for the virus prebound to PC-12 cells is similar to that found for erythrocyte ghosts and several cell lines Diizgiines et al., 1992) . The rate constants of inactivation of the bound virus are about half the values for the virus alone (see Tables I and 11 ).
The effect of temperature on viral fusion activity is dramatic. The fusion rate constant is decreased by 20-and 1000-fold, respectively, when the temperature is reduced from 37 "C to 20 or 4 OC. The reduction in temperature also causes an increase in the lag time from 0-1 s at 37 OC to 300 s at 4 OC, comparable to previous observations with erythrocyte ghosts and liposomes as target membranes (Stegmann et al., 1990) . We only refer to the lag time found for prebound virus, since the delay due to binding can result in longer apparent lag times. Viral association with the cells is not affected significantly by temperature, due to a combination of factors. The increase with temperature of the adhesion rate constant C is less steep than the dissociation rate constant D (Nir et al., 1983) , but there is also irreversible association due to fusion, whose rate increases with temperature. A reduction in temperatue also results in dramatic decrease in the rate of low-pH inactivation.
The first step in the fusion of prebound influenza virus appears to be the exposure of the HA2 N-terminal fusion peptides (White & Wilson, 1987) . Stegmann et al. (1990) have found that, at 0 OC and pH 5.0, and following prebinding, the virus can fuse with zwitterionic liposomes without the unfolding of the HA trimers. They have proposed that the lag time of fusion reflects the time needed for lateral movement and reorganization of the HA molecules in the zone of contact with the target membrane. This proposal is in accord with ~~~ ~ Table 11 . At 4 OC, the uncertainty infis smaller (20%), but the uncertainty in y is about 60%. bValues taken from Table 11 .
Experimental conditions as in Table IV . The parameters determined were based on experimental values given in Table IV . "Inactivation" carried out at 0 OC, fusion monitored at 4 OC. fusion activity. The results of the analysis of these cases are summarized in Table V , where thevalues at 37 and 20 OC are also included. Clearly, bothfand y decrease upon lowering the temperature from 37 to 4 OC U, or 0 OC (y), but low-pH inactivation does exist at 0 OC.
DISCUSSION
The combination of cell association measurements with two types of fusion experiments, i.e., with or without prebinding, enabled us to elucidate the details of the effect of pH on virus binding to and fusion with plasma membranes. In both cases, the mass-action kinetic model employed could yield good simulations and predictions for the kinetics of fusion of influenza virus, strain A/PR/8/34, with PC-12 cells.
While the pH optimum of the fusion activity of influenza virus may depend on the strain of the virus and on the type of target membrane, for several different viral strains the pH optimum of fusion is generally considered to be about 5 Morris et al., 1989; Sarkar et al., 1989; Diizgiines et al., 1992) . The results in Tables I and I1 demonstrate, however, that the fusion rate constant is, in fact, larger at pH 4.0 or 4.5 than at pH 5.2. On the other hand, the binding capacity of the virus as determined by total virus association with the cells or by the forward rate adhesion constant, C (Table I) , is much less sensitive to pH.
Our results indicate that the dependence of the fusion rate on pH might be obscured by the process of inactivation of the virus, whose rate also increases upon lowering the pH (see Tables I and 11 ). Thus, when the virus is added directly to the cells at low pH, a large portion of viral fusion activity is diminished by the time the virus has established contact with the cell plasma membrane. This leads to the apparent optimal fusion activity at pH 5.2 (Figure 1 ). On the other hand, following prebinding of the virus to the cells at neutral pH, where no inactivation of the virus occurs, the initial rate of fusion for pH 4.5 is severalfold larger than that at pH 5.2 (see Figure 2 ). Several minutes after the pH is lowered, the extent of fusion at pH 5.2 exceeds that at pH 4.5, due the faster inactivation that occurs at this lower pH; however, by that time, most of the prebound virus has already fused. At 4 OC, where the rate of inactivation is slow, the results in Table IV demonstrate a 4-fold larger extent of fusion at pH 4.0 than at pH 5.2.
The question is whether this trend of pH dependence would be observed with other target membranes. The significant drop in fusion activity at pH values above 5.0 is commonly observed. The increase in the fusion rate constant at pH values below 5.0 was noted previously for this strain of virus fusing with HL-60 andother suspension cells (Diizgiines et al., 1992) , but with PC-12 cells, the pattern is more extreme. This comparison also suggests that the pH dependence of the viral previous suggestions that HA-mediated fusion requires more than one trimer (Doms & Helenius, 1986; Ellens et al., 1990) . On the basis of experiments where fusion at 0 OC was not arrested following neutralization of the pH, these authors have suggested that, while the reactions that lead up to the fusioncompetent complex are dependent on low pH, the final fusion event itself is not. However, our neutralization experiments at 37 'C(FigureS),andevenat 20°C(Figure6),demonstrate that fusion is essentially arrested upon neutralization, as previously noted . We propose that, at 37 or 20 O C , neutralization leads to rapid dissociation of the oligomeric fusion complex, probably due to repulsion between adjacent charged amino acids at neutral pH. At 0 or 4 OC, however the rate of dissociation is generally very slow (Nir et al., 1983) . Hence, the fusioncomplex, whoseformation in the cold is also very slow, remains undissociated for very long periods. A sequence of events analogous to the HA fusion complex is observed with an amphipathic synthetic peptide, GALA, which, like the HA2 fusion peptide, binds rapidly to zwitterionic liposomes at pH 5.0 but not at neutral pH (Parente et al., 1990) . Following binding, the peptides aggregate within the membrane and form pores that enable fast and sizeselective leakage of molecules. Upon neutralization, leakage is arrested instantaneously, and the peptides dissociate from the membrane. Stegmann et al. (1990) demonstrated slow fusion of influenza virus at pH 5.0 and 0 OC without dissociation of the tops of the ectodomain of the H A trimer. They suggested that the dissociation of the tops of the HA trimer at 37 OC is associated with viral inactivation. This proposal was based on the lack of apparent inactivation at 0 OC, and the authors did not consider differences between the lag phases for fusion and inactivation.
Our results require reconsideration of these conclusions, because we do find slow inactivation of the virus at all temperaturesdowntoo OC (seeTables IVandV). Inaddition, we cannot rule out the importance of unfolding of the tops of the HA trimers in the fusion process. The fusion rate constant at 37 OC (at which temperature unfolding occurs; Stegmann et al., 1990 ) is 1000-fold larger than at 4 OC (at which temperature unfolding was not observed: Stegmann et al., 1990) . This comparison could mean that the mechanism of fusion at 4 or 0 OC is different from the physiological one at 37 OC. While we do not have evidence for the involvement of the HA tops in the fusion process, it is clear that lack of their unfolding does not affect virus binding to the cells, a process which is also insensitive to pH. If the unfolding of the HA tops plays a role in viral inactivation, then our results would imply that a slow process of such unfolding does occur even at 0 OC. It should be stressed that recent studies have indeed revealed that some unfolding of the HA globular head does occur at 0 OC (J. White, personal communication), possibly indicating that fusion and inactivation may involve common molecular rearrangements. The results of Stegmann et al. (1990) demonstrate, however, that the exposure of the HA2 fusion peptide at low pH is not the rate-limiting step in fusion and that the exposure can occur at 0 OC without the unfolding of HA tops. Recently, Kemble et a1 (1992) suggested that partial dissociation of the globular head domains was required for optimal membrane fusion activity of HA (X:3 1 strain). Clearly, molecular rearrangements in addition to the exposure of the fusion peptide are necessary. It was proposed previously that fusion is mediated by the process of conformational change of the HA when the pH is lowered, Ramalho-Santos et al.
and not by the final equilibrium conformation of the protein at low pH (Diizgiines & Gambale, 1988) .
Overall, our results demonstrate that, at temperatures and pH values where the fusion rate constants are large, the inactivation rate constants are also large, and vice versa. This may be an indication that the rate-limiting step in the sequence of fusion events culminating in membrane merging depends on the same process that leads to inactivation. We favor the view that the rate-limiting step in the fusion of prebound influenza virus is association and arrangement of the HA trimers interacting with the target membranes, in agreement with other studies (Doms & Helenius, 1986; Sarkar et al., 1989; Ellens et al., 1990; Stegmann et al., 1990) . At lower pH, e&, pH 4.0, this process is faster. In the absence of target membranes, HA association (at low pH) results in inactivation at a rate dependent on pH and temperature. For the virus bound to certain target membranes (erythrocyte ghosts, PC-12 cells), the process of inactivation exists, albeit at a slower rate compared to inactivation of the virus alone. With other types of target cells, however, such as HL-60 and CEM cells, it is possible that the fusion activity of the "inactivated" (i.e., low pH pretreated) virus is partially restored (Diizgiines et al., 1992) .
